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ABSTRACT 
        
        Infrared and Raman spectra of 2,6-difluoropyridine (26DFPy) and 2,3,5,6-
tetrafluoropyridine were recorded and vibrational assignments made for their electronic 
ground states. Theoretical ab initio and density functional theory (DFT) calculations 
were used to complement the experimental work. The electronic excited states of these 
molecules were investigated with ultraviolet absorption spectroscopy and theoretical 
CASSCF calculations. For 2,6-difluoropyridine the structure is planar in its S1(π,π*) 
electronic excited state, but a barrier to planarity of 256 cm-1 was predicted for its 
S2(n,π*) electronic excited state which has its band origin at 37820.2 cm-1. For 2,3,5,6-
tetrafluoropyridine a barrier of 124 cm-1 was predicted for the S1(π,π*) state which has 
its band origin at 35704.6 cm-1. Lower frequencies for the out-of-plane ring bending 
vibrations for the electronic excited states result from the weaker π bonding within the 
pyridine ring in these states.  
        The infrared and Raman spectra of 2-chloro-, 3-chloro-, 2-bromo-, and 3-
bromopyridine have been measured and assigned for the electronic ground state.  
Density functional theory (DFT) calculations at the B3LYP level of theory with the 6-
311++G(d,p) basis set for vibrational frequencies produced excellent agreement with the 
experimental values. MP2 calculation methods with cc-pVTZ basis set were utilized to 
compute the molecular structures. A shortening of the N-C(2) bond resulting from 
halogen substitution on the C(2) carbon atom was shown for all 2-halopyridines.   
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        Theoretical calculations including ab initio and density functional theory (DFT) 
methods were carried out to study the bond lengths and vibrational frequencies of 
halobismuthates and haloantimonates.  The results were also compared to experimental 
crystal structures, and to the infrared and Raman spectra of these species. Although the 
presence of cations was neglected in the calculations, the observed trends in the bond 
distances and bond stretching vibrational frequencies were verified.  External bonds 
across from bridging bonds are the shortest and have the highest stretching frequencies 
for all of the ions investigated.  This supports the previously postulated trans effect.   
        The infrared and Raman spectra of the spiro molecule 2-cyclopenten-1-one 
ethylene ketal (CEK) have been recorded and compared to calculated spectra with good 
agreement.  The structures and conformational energies for the two pairs of 
conformational minima, which can be defined in terms of ring-bending (x) and ring-
twisting (τ) vibrational coordinates, have also been calculated.  Utilizing the results from 
ab initio MP2/cc-PVTZ calculations, a two-dimensional potential energy surface (PES) 
was generated.  The energy levels and wavefunctions for the PES were calculated and 
the characteristics of these were analyzed. 
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CHAPTER  I 
INTRODUCTION 
 
        Conformational changes in molecules often follow specific vibrational pathways 
which can be represented by a potential energy surface (PES). These molecular 
vibrations are often in the low frequency range with large amplitudes since the forces 
governing these motions are typically not large. These low frequency and large 
amplitude vibrations have characteristic frequencies below 400 cm-1 that rarely interact 
with high frequency modes.  
        Vibrational spectroscopy including infrared, Raman and UV spectroscopy serve as 
useful tools for studying these molecular motions. Infrared and Raman spectroscopy 
have been utilized to study electronic ground states for many decades. With the 
development of improved instrument and computer technology, the electronic excited 
state can now also be readily studied by ultraviolet absorption spectroscopy. These 
techniques provide valuable information for the low frequency vibrations including 
bending and twisting motions, especially for the excited states. Since a vast number of 
photochemical reactions are determined by the properties of the excited state, it is crucial 
to understand the molecular structure in these states. In addition, theoretical 
computations including ab initio and DFT calculations are also invaluable methods for 
the analysis of molecular motions and structures. 
        Several computational and spectroscopic studies have been carried out. First, the 
spectra and structure of 2,6-difluoropyridine and 2,3,5,6-tetrafluoropyridine were studied 
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in their electronic ground and excited states. The vibrational energy levels and 
assignments were also investigated in their electronic excited states.  Computational 
methods including ab initio and DFT calculations were used to provide support for the 
molecular structures and assignments of 2,6-difluoropyridine and 2,3,5,6-
tetrafluoropyridine in both states. Second, vibrational data were also collected for 2-
chloropyridine (2ClPy), 3-chloropyridine (3ClPy), 2-bromopyridine (2BrPy), and 3-
bromopyridine (3BrPy) molecules. Third, ab initio and DFT methods were utilized to 
calculate the bond lengths and vibrational frequencies of halobismuthates and 
haloantimonates. The results were also compared to experimental crystal structures and 
vibrational spectra. Fourth, the two dimensional potential energy surface (PES) was 
calculated for 2-cyclopenten-1-one ethylene ketal, a spiro compound. The calculated and 
observed spectra were also compared.  
 
2,6-Difluoropyridine and 2,3,5,6-Tetrafluoropyridine 
        Several studies for the 2,6-difluoropyridine molecule have been carried out in the 
past decades.1-14 Rotational spectra reported by C. W. Dijk, M. Sun and J. V. 
Wijagaarden1 using microwave spectroscopy indicated that there is an obvious change in 
the structure of the pyridine backbone (C-N bond length) when a fluorine atom is 
substituted in the ortho- rather than meta position. The microwave spectrum reported by 
O. L. Stiefvater2 also showed a shortening of C-N bond length compared to pyridine due 
to the influx of fluorine atom electrons into the 𝜋 bonding system. In addition, the 
infrared and Raman spectra were reported for its electronic ground state and the 
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fundamental frequencies were analyzed. Later, the ultraviolet absorption spectrum was 
reported by K.C. Medhi3 in the electronic excited states and vibrational modes were also 
assigned. The results indicated that the 𝜋 − 𝜋* transition was observed with a band of 
origin at 37840 cm-1. For 2,3,5,6-tetrafluoropyridine, only few crystal structures have 
been reported with focus on the crystal formation.15-17 
       Despite the studies on 2,6-difluoropyridine and 2,3,5,6-tetrafluoropyridine 
molecules in the past several decades, no results were reported on the differences in the 
out-of-plane ring bending frequencies and the geometry between electronic ground and 
excited states. The structures and vibrational assignments were recently reported in their 
electronic ground and excited states for pyridine (Py), 2-fluoropyridine (2FPy), and 3-
fluoropyridine (3FPy) molecules in Laane’s research group.18-20 These results indicated 
that fluoropyridine molecules become more floppy in the electronic excited states 
compared to ground states. To further study the effect of additional fluorine atoms on the 
bending frequencies and the geometry of pyridine and fluoropyridine molecules, the 
structures and spectra were analyzed for both 2,6-difluoropyridine and 2,3,5,6-
tetrafluoropyridine molecules in the present work. 
 
Chloro- and Bromopyridines 
        2-Chloropyridine (2ClPy), 3-chloropyridine (3ClPy), 2-bromopyridine (2BrPy), 
and 3-bromopyridine (3BrPy) molecules were studied to extend the research on 
halopyridines. Previously only partial Raman spectra and assignments for 2ClPy and 
3ClPy were reported by Ranjan K. Singh and co-workers,21 but no information on the 
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structure was provided. In the present work, these molecules were investigated in their 
electronic ground state using infrared and Raman spectroscopy. Ab initio and DFT 
calculations were also carried out to determine their structures. 
 
Halobismuthates and Haloantimonates 
        Many investigations have been done in the past several decades on the crystal 
structures of halobismuthates and haloantimonates with both external and bridging M-X 
bonds including the MX6
-3, M2X9
-3, M2X10
-4, (MX5
-2)n, and (MX4
-1)n anions.
22-46 All of 
these results provided valuable information on the bond lengths and the formation of the 
crystal structures. However, very few studies recognized the relationship of bond lengths 
and stretching frequencies between external and bridging bonds. This relationship, or the 
trans effect, was first discovered when the force constants were compared among several 
bromo- and iodo-bismuthates with the analysis of far-infrared and low-frequency Raman 
spectra in Laane’s laboratory in 1980.47-48 Due to the lack of advanced computer 
technology, no computational studies were done at that time. To further investigate this 
trans effect, theoretical calculations have been carried out for bromo- and iodo-
bismuthates which contain both external and bridging M-X bonds (X = I, Br, Cl) to 
calculate the bond distances and stretching frequencies for each of these molecules. 
 
2-Cyclopenten-1-one Ethylene Ketal 
        The investigation of potential energy surfaces (PESs) has always been a crucial part 
in understanding chemical reaction pathways. Numerous results on vibrational potential 
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energy surface have been reported previously in Laane’s research group including four, 
five and six membered ring and bicyclic molecules.49-68 The four-membered ring and 
pseudo-four-membered ring molecules can often be described by a single vibrational 
coordinate (x) in the form of V = ax4+bx2. For five or six membered ring and bicyclic 
molecules, two dimensional vibrational coordinates (x) and (y) are required due to the 
interactions between two vibrational motions. The molecule investigate in the present 
work is the spiro molecule 2-cyclopenten-1-one ethylene ketal (CEK). This molecule has 
two five membered rings including a cyclopentene ring and an oxygen containing ring. 
The ring puckering of one ring and ring twisting of the other ring are coupled together 
and thus two vibrational coordinates are utilized to study the PES of this molecule. 
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CHAPTER  II 
EXPERIMENTAL METHODS 
 
Introduction 
        Various spectroscopic techniques were utilized to investigate vibrational motions 
and potential energy surfaces (PES) of halopyridines including infrared, Raman and 
ultraviolet spectroscopy. The different types of transitions are shown in Figure 1. 
Infrared and Raman spectroscopy were used for the determination of vibrational energy 
levels in electronic ground states, and ultraviolet spectroscopy was used for electronic 
excited states.   
 
Chemicals 
        2,6-Difluoropyridine (99% purity), 2,3,5,6-tetrafluoropyridine (95% purity), 2-
chloropyridine (2ClPy) (99% purity), 3-chloropyridine (3ClPy) (99% purity), 2-
bromopyridine (2BrPy) (99% purity), 3-bromopyridine (3BrPy) (99% purity) and 2-
cyclopenten-1-one ethylene ketal were purchased from Sigma-Aldrich. 
 
Infrared Spectra 
        The liquid and vapor-phase infrared spectra were obtained using a Bruker Vertex 
70 Fourier-transform spectrometer equipped with a globar light source, a KBr 
beamsplitter and a deuterated lanthanum triglycine sulfate (DLaTGS) detector for mid-
 7 
 
infrared. For far-infrared, a Mylar beamsplitter and a mercury cadmium telluride (MCT) 
detector were used. Liquid sample measurements were done by placing a drop of sample  
between two well-polished KBr windows for mid-infrared and CsI windows for far-
infrared. The windows were wrapped with parafilm to avoid sample evaporation. Vapor 
sample spectra were collected in a gas cell after sample transfer using trap to trap 
distillation. The single beam spectrum of the sample was subtracted from the 
background spectrum to obtain the transmittance spectrum in the 400-4000 cm-1 region. 
512 scans at 1 cm-1 resolution were measured for liquid samples and 1024 scans at 0.5 
cm-1 resolution for vapor samples.  
 
Raman Spectra 
        The liquid and vapor-phase Raman spectra were collected using a Jobin-Yvon U-
1000 spectrometer equipped with a frequency-doubled Nd:YAG Verdi-10 Coherent laser 
and a liquid nitrogen-cooled charge-coupled device (CCD) detector. The laser excitation 
at 532 nm provided a power of 1W for liquid samples and 6W for vapor samples with 
0.7 cm-1 effective resolution. The liquid Raman spectra were obtained by placing a liquid 
sample into a quartz cuvette. These were measured in the 100-3400 cm-1 region at room 
temperature. The vapor sample was collected by using trap to trap distillation and sealed 
in a specially designed glass cell,69 which is 80 mm in length and 15 mm in diameter. 
The vapor sample was heated to approximately 200°C and scanned in the 100-3400 cm-1 
region.  Parallel and perpendicular polarization measurements were made utilizing the 
standard accessory and scrambler. 
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Figure 1  Transitions for different spectroscopic techniques   
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Ultraviolet Absorption Spectra 
         Ultraviolet absorption spectra of vapor samples were recorded at room temperature 
with a Bomem DA8.02 Fourier transform spectrometer including a deuterium lamp 
source, a quartz beam splitter and a silicon detector. The vapor sample was loaded into a 
23.5 cm glass cell with quartz window by using trap to trap transfer and measurements 
were made by taking the average of 4000 scans at 1 cm-1 resolution in the 25000-40000 
cm-1 region for 2,6-difluoropyridine sample.  
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CHAPTER  III 
THEORETICAL AND COMPUTATIONAL METHODS 
 
Introduction 
         Theoretical calculations were used to support experimental observations and serve 
as a guide to predict the molecular structures, vibrational frequencies, and energy levels. 
The electronic ground state vibrational frequencies and structures were calculated using 
density functional theory (DFT) and ab initio methods using the Gaussian 09 program 
package.70 The vibrational frequencies and structures of electronic excited states were 
calculated using the CASSCF method71 with the GAMESS program package.72 Fortran 
programs developed in Laane’s research group were also used to determine the two 
dimensional potential energy functions.73 
 
Density Functional Theory (DFT) Calculations 
        Density functional theory (DFT) is a quantum mechanical modelling method for the 
study of molecular structure and molecular properties mainly in the electronic ground 
state. The functional of electron density are utilized to reduce N electrons with 3N 
spatial coordinates to 3 spatial coordinates. The Becke and Lee-Yang-Parr (B3LYP) is 
one of these types of methods. The Becke and Lee-Yang-Parr (B3LYP) level of theory 
combined with the 6-311++G(d,p) basis set was utilized for the calculation of vibrational 
frequencies of 2,6-difluoropyridine and 2,3,5,6-tetrafluoropyridine in their electronic 
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ground state. A scaling factor of 0.964 was used for C-H stretching frequencies, and of 
0.985 for frequencies below 1800 cm-1 based on previous work.19,74-78 The Becke and 
Lee-Yang-Parr (B3LYP) method with cc-PVTZ basis set were also carried out for the 
calculations of vibrational frequencies in 2-cyclopenten-1-one ethylene ketal, 
halobismuthates and haloantimonates.  
 
Ab Initio and CASSCF Calculations 
        The second order Moller-Plesset (MP2) level of theory with cc-PVTZ basis set 
were used for electronic ground state structure optimization in 2,6-difluoropyridine, 
2,3,5,6-tetrafluoropyridine, 2-cyclopenten-1-one ethylene ketal, halobismuthates and 
haloantimonates. The electronic excited state calculations for structure optimization and 
vibrational frequencies were done in collaboration with Sunghwan Kim at the National 
Institute of Health (NIH). The CASSCF method with a 6-311++G(d,p) basis set was 
employed using the GAMESS program package. A scaling factor of 0.905 was used for 
all electronic excited state vibrational frequencies based on previous work.20   
 
Energy Level Calculations 
        The Meinander-Laane DA2OPTN4 program73 was used to calculate the ring-
puckering energy levels and wavefunctions.   
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CHAPTER  IV 
INFRARED, RAMAN, AND ULTRAVIOLET ABSORPTION 
SPECTRA AND THEORETICAL CALCULATION AND 
STRUCTURE OF 2,6-DIFLUOROPYRIDINE IN ITS GROUND AND 
EXCITED ELECTRONIC STATES* 
 
Introduction 
        The spectra, structures, and vibrational levels of pyridine (Py), 2-fluoropyridine 
(2FPy), and 3-fluoropyridine (3FPy) were reported in their ground and excited electronic 
states.18-20 The results indicate that all of these molecules are planar in their S0 electronic 
ground states and have nearly harmonic out-of-plane ring-bending vibrational 
frequencies near 410 cm-1. In its S1(n,π*) electronic excited state, pyridine becomes 
quasi-planar and very floppy with a barrier to planarity of 3 cm-1. Its out-of-plane ring-
bending vibration has a mostly quartic potential energy function and has a frequency of 
†59.5 cm-1. The two fluoropyridines remain planar in their S1(n,π*) states but become 
more floppy with the out-of-plane ring bending frequencies of 240 cm-1 (calculated) for 
2FPy and 227 cm-1 for 3FPy. In their S2(π,π*) states, the molecules are also planar and 
floppy with bending frequencies of 163 cm-1 for 2FPy and 272 cm-1 for 3FPy.  As a 
                                                 
* Reprinted with permission from “Infrared, Raman, and Ultraviolet Absorption Spectra and Theoretical 
Calculations and Structure of 2,6-Difluoropyridine in Its Ground and Excited Electronic States” by Sheu, 
H.; Kim, S. and Laane, J.   J. Phys. Chem. A 2013, 117(50), 13596. Copyright [2013] by American 
Chemical Society. 
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continuation of the previous work, the 2,6-difluoropyridine (26DFPy) molecule was 
investigated to observe the effect of additional fluorine atoms on the structures and low-
frequency vibrations in the electronic excited states. The ground state vibrational data is 
provided by infrared and Raman spectra and the data for the S1(π,π*) state is provided by 
ultraviolet absorption spectra. Theoretical computations were carried out to assist in the 
assignment of the vibrational frequencies for both ground and excited states and also to 
calculate the structures for the S0, S1(π,π*) and S2(n,π*) states. 
 
Results and Discussion 
         At both B3LYP and CASSCF levels, 26DFPy in its ground state has a planar 
structure with the C2v symmetry.  For the S1(,*) excited state, however, whereas a 
planar structure is predicted by the CASSCF method, the TD-B3LYP method resulted in 
a puckered structure with a barrier to planarity of 124 cm-1. At the CASSCF level, the 
molecular structure of 26DFPy in its S2(n,*) state was predicted to be puckered with a 
barrier to planarity of 256 cm-1. The calculated structures for 26DFPy in its S0 state from 
B3LYP and CASSCF calculations is shown in Figure 2. The bond distances and angles 
can be seen to be very similar for the two different calculations. The molecular structures 
for 26DFPy in its S1(π,π*) and S2(n,π*) states, computed at the CASSCF/6-311++G(d,p) 
level is shown in Figure 3. The structure calculated by TD-B3LYP method for the 
S1(π,π*) state is also shown in the same figure. The structure of 26DFPy in the S1(π,π*) 
state, compared to its ground state, was characterized by increased bond lengths in the 
pyridine ring.  The N-C, C(F)-C and C(3)-C(4) bond lengths were longer in the S1(,*)  
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Figure 2  Calculated structures of 2,6-difluoropyridine (26DFPy) in its ground 
electronic state79 
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Figure 3  Calculated structures of 2,6-difluoropyridine (26DFPy) in its excited 
electronic state79 
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state than in the ground state, by 0.032 Å, 0.037 Å, and 0.046 Å, respectively, reflecting 
the excitation of  an electron from a bonding  orbital to an antibonding * orbital. The  
two determinants with the largest contribution to the CASSCF wave function for the 
S2(n,*) state of 26DFPy can be explained by the calculated n, π and π* molecular 
orbitals for 26DFPy shown in Figure 4. This corresponds to excitation from the nitrogen 
lone pair orbital to the 4* orbitals, which has a bonding character between the C(F) and 
C(H) atoms and an antibonding character between the N and C(F) atoms and between 
the C(H) and C(H) atoms. As a result, 26DFPy in the S2(n,*) state had a shorter C(F)-C 
bond length (by 0.037 Å) and longer N-C and C(H)-C(H) bond lengths (by 0.072 Å and 
0.055 Å, respectively) than in its ground state. The selected geometrical parameters of 
26DFPy in its ground and excited states with those of pyridine, 2FPy, and 3FPy are 
compared in Table 1.  
        The observed structural changes listed in Table 1 can be explained by Figure 4.  For 
pyridine, 2FPy, 3FPy, and 26DFPy the bond length changes in the S(n,π*) and S(π,π*) 
states are similar.  The N-C bonds increase in both excited states but the C(2)-C(3) and 
C(5)-C(6) bonds decrease in the S(n,π*) state and increase in the S(π,π*) state.  The 
pyridine ring molecular orbitals are similar to those in benzene so the n→π* transition is 
to an antibonding orbital which has increased bonding character between the C(2)-C(3) 
and between the C(5)-C(6) bonds.  The orbital nodes are at the N-C bonds and C(3)-C(4) 
and C(4)-C(5) bonds.  For both the ground and excited states it is also evident that the 
fluorine substitution in the carbon(s) adjacent to the nitrogen atom decreases the N-C(F) 
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bond distances.  This is due to both electrostatic effects as well as some bonding 
participation of the fluorine p orbitals with the ring π system. 
        The liquid and vapor infrared spectra are shown in Figure 5 and Raman spectra are 
shown in Figure 6. The calculated spectra from the B3LYP calculations are also shown 
in the same figure.  The agreement between observed and calculated frequency values is 
excellent.  The agreement for intensities is good for the most part although the ν3 ring-
stretching band at 1615 cm-1 in the observed Raman spectrum is much weaker than 
predicted.  A few overtone bands, which are not in the calculated spectra for the 
fundamentals are also revealed in the same spectra.  As can be seen in Figure 5, some 
distinct type A (ν22, ν24, ν26, ν27), type B (ν5, ν8), and type C (ν10, ν15) band contours 
which correspond for B2, A1 and B1 symmetry species, respectively are clearly displayed 
in the infrared spectra of the vapor. Both the experimental and calculated data are 
summarized in table 2 and all vibrational assignments can be made unambiguously. 
        The ultraviolet absorption spectrum of 26DFPy vapor is shown in Figure 7.  The 
band origin is at 37,820.2 cm-1 and corresponds to a transition to the S1(π,π*) state.  A 
value of 39,191 cm-1 for this transition and a value of 42,323 cm-1 for the transition to 
the S2(n,π*) state are predicted by CASSCF calculations. The increasing absorption at 
higher frequencies results in part from the S2(n,π*) absorption. The transition 
frequencies of 26DFPy to those of pyridine, 2FPy, and 3FPy are shown in Table 3. The 
UV spectrum in expanded form along with labels for the most significant transitions is 
shown in Figure 8. A summary of the observed UV bands is presented in Table 4.  The 
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Table 1  Bond distances (Å) and bond angles (degrees) for pyridine and fluoropyridinesa, 79 
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Figure 4  CASSCF-optimized molecular orbitals for 26DFPy in the ground state, 
computed at the CASSCF (8,7)/6-311++G(d,p) level. Orbital symmetries in the C2v/Cs 
point group are indicated in parentheses79 
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Figure 5  Calculated and observed infrared spectra of 26DFPy79 
 
  
 21 
 
 
Figure 6  Calculated and observed Raman spectra of 26DFPy79 
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energy diagram for the low frequency vibrations for the S0 and S1(π,π*) states is shown 
in Figure 9. A comparison of observed and calculated frequency for the S0, S1(π,π*), an 
S2(n,π*) states is presented in Table 5.  Both excited states would have Cs symmetry if 
they are puckered with small barriers to planarity.  However, the assignments were made 
according to C2v symmetry which is applicable for planar structures.  The data in Table 4  
make it possible to assign most of the vibrational frequencies for the S1(π,π*) state with 
considerable certainty. 
        The S1(π,π*) state is calculated by TD-B3LYP to be floppy but slightly puckered as 
shown in Figure 3 and have a barrier to planarity of 124 cm-1.  This implies that this 
excited state should have a double-minimum potential function for the ring-puckering 
vibration.  However, because the ring-puckering and C-F out-of-plane wagging motions 
of A2 symmetry species are strongly coupled, a one-dimensional calculation of the 
puckering vibrational potential energy function cannot be readily applied.  In fact, we 
have found no definitive evidence for inversion doubling in the S1(π,π*) excited state 
which would have been reflected in the energy levels of ν17 and/or ν18.  Thus, the 
experimental results support the CASSCF calculation result that this excited state is 
planar.  For pyridine18 in its S1(n,π*) state we did confirm with experimental data that 
the spectra for the ring-puckering vibration could be fit with a one-dimensional potential 
energy function with a tiny barrier to planarity of 3 cm-1. 
        Although no experimental evidence for inversion doubling or a barrier to inversion 
for the S1(π,π*) state was observed, it is instructive to present a picture of what would be 
expected if 26DFPy were in fact non-planar in this state as well as in its S2(n,π*) state.  
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Table 2  Vibrational spectra (cm-1) and assignments for the electronic ground state of 2,6- difluoropyridine79 
 
 24 
 
Table 2  (Continued)79 
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Table 3  Observed and calculated electronic transition frequencies (cm-1)79 
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Table 4  Ultraviolet absorption spectra (cm-1) and assignments for  
2,6-difluoropyridine79 
  
  
 27 
 
Table 4  (Continued)79 
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Table 4  (Continued)79 
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Table 4  (Continued)79 
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Table 4  (Continued)79 
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Table 5  Observed and calculated vibrational frequencies (cm-1) for 2,6-difluoropyridine in its ground and excited electronic 
states79 
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Table 5  (Continued)79 
   
 33 
 
 
Figure 7  Ultraviolet absorption spectra of 26DFPy relative to the band origin79 
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Figure 8  Ultraviolet absorption spectra of 26DFPy expanded near the band origin79 
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Figure 9  Energy diagram for the lower frequency vibrations of 26DFPy in its S0 ground 
and S1(π,π*) excited states79 
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As discussed, ν17, the ring-puckering, and ν18, the out-of-plane, in-phase C-F wagging 
motions are strongly coupled in both electronic excited states so it is not expected that 
one-dimensional calculations of the type that we successfully carried out for pyridine1 
are feasible here.  Nonetheless, we believe that the calculation of one-dimensional 
functions based on the ab initio computations will provide insight into understanding the 
pattern of quantum states when energy barriers are present.  The TD-B3LYP ab initio 
calculations predicted a barrier of 124 cm-1 for the S1(π,π*) state and a predicted ring-
puckering frequency (coupled to the C-F wagging mode) of 112 cm-1.  The CASSCF 
calculation predicted a barrier of 256 cm-1 and a ring-puckering frequency of 69 cm-1 for 
the S2(n,π*) state. 
        As the Laane’s group showed many years ago,80 for double-minimum potential 
energy functions with high enough barriers the separations between lowest pairs of near-
degenerate levels (caused by inversion doubling) become more and more harmonic.  In 
other words, the separation between pairs of levels can be estimated quite well using a 
harmonic oscillator model to approximate the shape of each potential well.  This means 
that the predicted harmonic frequency from the ab initio calculation is at least a fairly 
good estimate of the expected energy between the lowest pairs of levels. The Laane’s 
group have demonstrated this in the past by observing experimental transitions for 
double-minimum potentials and finding them to be quite well estimated by DFT and ab 
initio calculations.75,78,81-95 Applying this principle, we have calculated one-dimensional 
potential energy functions for the ring-puckering so that they match the computed barrier 
heights and the calculated ab initio frequencies.  The latter were set to match the v = 0 
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→ v = 3 puckering transitions.  The calculations were done with reduced coordinates80 
since the reduced mass could not be reliably calculated due to the strong coupling with 
the C-F wagging motion.  For the S1(π,π*) the calculated function is 
V(cm-1) = 18.34 (Z4 – 5.20Z2)                                                                              (1)                                                      
and for S2(n,π*) it is 
            V(cm-1) = 7.33(Z4 – 12.6Z2).                                                                                (2)                   
These functions are shown in Figures 10 and 11.  The symmetry species for both sets of 
quantum states are A1 for even v values and B1 for odd values of v.  Hence, electronic 
transitions to v = even levels should only arise from A1 vibrational levels in the 
electronic ground state while transitions to v = odd should arise from B1 vibrational 
excited state.  In our experimental data for the S1(π,π*) state, which only has a small 
calculated barrier to inversion of 124 cm-1, we were not able to find transitions 
compatible with a function similar to Eq. (1).  Thus, we conclude that 26DFPy is most 
likely planar in its S1(π,π*) state although it is conceivable that the coupling with the C-F 
wagging sufficiently distorts the potential energy surface to invalidate the predicted 
picture.  For the S2(n,π*) state, however, the calculated barrier of 256 cm-1 is sufficiently 
higher that we feel it is very likely that the molecule is indeed non-planar and that the 
potential function shown in Figure 10 may present quite a reasonable picture of the 
puckering potential energy function. 
        Pyridine, 2FPy, 3FPy, and 26DFPy molecules all have planar and fairly rigid 
structures in their electronic ground states.  Pyridine18 in its S1(n,π*) state becomes 
extremely floppy and its out-of-plane ring bending frequency drops to 57 cm-1.  In fact, it 
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even has a minute barrier to planarity of 3 cm-1.  2FPy and 3FPy although remain planar 
also become floppier in their electronic excited states as reflected by their lower out-of-
plane ring bending frequencies.  26DFPy becomes puckered according to TD-B3LYP 
calculations in its S1(π,π*) state and according to CASSCF in its S2(n,π*) excited state. 
The calculated barriers to planarity are quite small (124 cm-1 and 256 cm-1 for the 
S1(π,π*) and S2(n,π*) states, respectively).  This implies that this excited state should 
have a double-minimum potential function for the ring-puckering vibration.  However, 
because the ring-puckering and C-F out-of-plane wagging motions of A2 symmetry 
species are strongly coupled, a one-dimensional calculation of the puckering vibrational 
potential energy function cannot be readily applied.  In fact, we have found no definitive 
evidence for inversion doubling in the S1(π,π*) excited state which would have been 
reflected in the energy levels of ν17 and/or ν18.  Thus, the planar structure revealed by the 
CASSCF excited state calculation is supported by experimental data.                
        The vibrational frequencies for pyridine, 2FPy, 3FPy, and 26DFPy molecules in 
their S0, S(π,π*), and S(n,π*) states are summarized in Table 6. The C-F stretching and 
wagging frequencies are also listed in the same table.  The symmetry species in the table 
apply to pyridine and 26DFPy both of which have C2v symmetry point groups.  For 2FPy 
and 3FPy, which have Cs symmetry, the vibrations listed under A1 and B2 in Table 6 
correspond to the in-plane A’ modes while A2 and B1 correspond to the out-of-plane A” 
modes.  As expected, all of the ring stretching and bending vibrations for all four 
molecules drop in frequency as the bonds in the excited state become weaker and the 
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Figure 10  Hypothetical potential energy function for the ring puckering vibration of 
26DFPy based on Eq. (1)   for the S1(π, π*) electronic excited state79 
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Figure 11  Hypothetical potential energy function for the ring puckering vibration of 
26DFPy based on Eq. (2) for the S2(n, π*) electronic excited state79 
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rings get floppier due to the decreased π bonding character. The C-F stretching 
frequency also drops in the excited state suggesting that the fluorine atoms do participate 
to some extent in the π bonding.  By far the most significant changes in vibrational 
frequencies in the excited electronic states are for the A2 and B1 out-of-plane ring modes 
and the out-of-plane C-F wags.  There is significant vibrational coupling between the 
ring-puckering and the out-of-plane C-F wagging modes so it is somewhat overly 
simplistic to look at the puckering frequencies separately.  In the electronic ground state 
all four molecules have strong π bonding and are rigid with a puckering frequency over 
400 cm-1.  Substitution of fluorine atoms increases this value and for 26DFPy it is 460 
cm-1.  The in-phase out-of-plane C-F wagging is at 247 cm-1.  In both the S1(π,π*) and 
S2(n,π*) states, the puckering frequency is dropped below that of the C-F wagging due to 
increased anti-bonding character and the motions become even more highly mixed.  For 
26DFPy in the S1(π,π*) state the puckering is at 127 cm-1 and the wagging at 179 cm-1.  
For S2(n,π*) the frequencies are calculated to be at 69 and 288 cm-1, respectively.   
 
Conclusions 
        The 2,6-difluoropyridine is rigidly planar in its ground state while the S2(n,π*) state 
is predicted to be puckered with a barrier to planarity of 256 cm-1 with CASSCF 
calculation.  The S1(π,π*) state is predicted to be a planar molecule by CASSCF 
calculation while a puckered structure with a small barrier to planarity of 124 cm-1 is 
obtained by TD-B3LYP calculation method.  The planar structure is more favored by the 
experimental data. 
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Table 6  Selected vibrational frequencies (cm-1) of pyridine and fluoropyridines79 
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Table 6  (Continued)79 
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CHAPTER V 
INFRARED, RAMAN, AND ULTRAVIOLET ABSORPTION 
SPECTRA AND THEORETICAL CALCULATION AND 
STRUCTURE OF 2,3,5,6-TETRAFLUOROPYRIDINE IN ITS 
GROUND AND EXCITED ELECTRONIC STATES 
 
Introduction 
        As discussed in the previous chapter, the 2,6-difluoropyridine molecule has a 
barrier to planarity of 256 cm-1 in its S2(n,*) state predicted by CASSCF calculations, 
and it has a planar structure in its S1(,*) excited state shown by CASSCF calculations 
and experimental data. The out-of-plane ring bending vibrational frequency is 460 cm-1 
for the S0 ground state and 127 cm
-1 for the S1(,*) excited state. This indicates that 
2,6-difluoropyridine becomes more floppy in the excited state compared to the ground 
state due to the decreased  bonding character. As a continuing investigation of the 
fluoropyridine molecules, the spectra and structures of 2,3,5,6-tetrafluoropyridine 
(TFPy) in its ground and excites states are presented. The experimental data for the 
ground state were obtained using infrared and Raman spectra while the S1(π,π*) excited 
state data were obtained by ultraviolet absorption spectra. Theoretical computations were 
carried out to calculate the structures for both ground and excited states and also to assist 
with vibrational analysis. 
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Results and Discussion 
         2,3,5,6-Tetrafluoropyridine has a planar structure in its S0 ground state with C2v 
symmetry. For the S1(,*) excited state, a puckered structure with a barrier to planarity 
of  30 cm-1 was predicted by CASSCF calculations. The calculated structures for 2,3,5,6-
tetrafluoropyridine in its S0 ground state and S1(π,π*) excited state are shown in Figure 
12. The structure in the S1(π,π*) excited state has increased bond lengths in the pyridine 
ring as compared to the ground state.  The N-C, C(2)-C(3) and C(3)-C(4) bond lengths 
are longer in the S1(,*) state than in the ground state, by 0.026 Å, 0.032 Å, and 0.043 
Å, respectively, due to the excitation of  an electron from a bonding  orbital to an 
antibonding * orbital. 
        The calculated, liquid and vapor phase infrared spectra of 2,3,5,6-
tetrafluoropyridine are shown in Figure 13, and Raman spectra are shown in Figure 14. 
Good agreement between experimental and calculated frequency values was found. A 
few overtone bands were observed in the experimental liquid and vapor spectra, but the 
calculated spectrum provides only the fundamental vibrational frequencies. Both the 
experimental and calculated frequencies for infrared and Raman spectra are summarized 
in Table 7. The vibrational frequencies were readily assigned. As shown in Table 7, the 
ν2 ring-stretching vibration is in Fermi resonance with a combination band of a C-H 
wag (ν14) and ring twist (ν15) which results in a band near 1611 cm-1 in the liquid and 
vapor infrared and Raman spectra. Three infrared band types (type A, type B and type C 
bands) were clearly observed in the infrared spectra and examples of these are shown in 
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Figure 12  Calculated structures of 2,3,5,6-tetrafluoropyridine in its electronic ground 
and excited states 
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Figure 13  Calculated and observed infrared spectra of 2,3,5,6-tetrafluoropyridine 
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Figure 14  Calculated and observed Raman spectra of 2,3,5,6-tetrafluoropyridine 
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Figure 15. Type A and type C bands both have Q branches with a more obvious Q 
branch for type C, while type B bands have no Q branches. 
        The ultraviolet absorption spectrum of 2,3,5,6-tetrafluoropyridine vapor is shown in 
Figure 16.  The band origin which corresponds to a transition to the S1(π,π*) excited 
state is at 35,704.4 cm-1. A comparison of observed and calculated vibrational 
frequencies for the S1(π,π*) excited state is presented in Table 7. A strong coupling 
between the out-of-plane ring bending and out-of-plane C-F wag was observed. A 
summary of the excited states vibrational assignments is shown in Table 8.          
        Pyridine (Py),18 2-fluoropyridine (2FPy),19-20 3-fluoropyridine (3FPy),19-20 2,6-
difluoropyridine (26DFPy) and 2,3,5,6-tetrafluoropyridine molecules all have planar and 
rigid structures in their electronic ground states. Pyridine is extremely floppy in its 
S1(n,π*) excited state and its out-of-plane ring bending frequency drops from 403 cm-1 to 
60 cm-1. It has a tiny barrier to planarity of 3 cm-1. Despite their planar structures, 2-
fluoropyridine (2FPy), 3-fluoropyridine (3FPy) and 2,6-difluoropyridine (26DFPy) all 
become floppier in their excited states with significant drops in their ring puckering 
frequencies from 414 cm-1, 412 cm-1  and 460 cm-1 to 96 cm-1, 118 cm-1  and 127 cm-1 , 
respectively. A slightly puckered structure is predicted by CASSCF calculations for 
2,3,5,6-tetrafluoropyridine with a barrier to planarity of only 30 cm-1. This indicates that 
2,3,5,6-tetrafluoropyridine also has a more floppy structure in the excited state and this 
is confirmed by the lowering of out-of-plane ring bending frequency from 475 cm-1 in 
the electronic ground state to 110 cm-1 in the S1(π,π*) excited state. A strong coupling 
between the out-of-plane ring bending and the out-of-plane C-F wag motions was also  
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Table 7  Vibrational spectra (cm-1) and assignments for the electronic ground and excited states of 2,3,5,6-tetrafluoropyridine    
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Table 8  Ultraviolet absorption spectra (cm-1) and assignments for  
2,3,5,6-tetrafluoropyridine 
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Table 8  (Continued) 
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Table 8  (Continued) 
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Table 8  (Continued) 
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Table 8  (Continued) 
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Table 8  (Continued) 
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Table 8  (Continued) 
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Figure 15  Examples of band types in the infrared spectrum of 2,3,5,6-tetrafluoropyridine  
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Figure 16  Ultraviolet absorption spectra of 2,3,5,6-Tetrafluoropyridine relative to the  
band origin 
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observed.  In fact, the out-of-plane ring bending frequency even drops below the out-of-
plane C-F wag due to the increased antibonding character in the excited state. 
 
Conclusions 
        2,3,5,6-Tetrafluoropyridine has a rigid planar structure in its electronic ground state 
and the structure becomes more floppy in the excited state with a small barrier to 
planarity of 30 cm-1. The infrared, Raman and ultraviolet absorption spectra were 
recorded and the vibrational frequencies were assigned for both ground and excited 
states with the aid of theoretical calculations. 
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CHAPTER  VI 
VIBRATIONAL SPECTRA, STRUCTURE, AND THEORETICAL 
CALCULATIONS OF 2-CHLORO- AND 3-CHLOROPYRIDINE 
AND 2-BROMO- AND 3-BROMOPYRIDINE IN THEIR 
ELECTRONIC GROUND STATE* 
 
Introduction 
        The studies on vibrational analysis of pyridine, 2-fluoropyridine (2FPy) and 3-
fluoropyridine (3FPy) in their electronic ground and excited states had been recently 
reported in Laane’s research group.18-20 The spectra, structures and vibrational levels of 
2,6-Difluoropyridine and 2,3,5,6-tetrafluoropyridine in their ground and excited 
electronic states were also presented in the previous chapters. From all the 
fluoropyridine studies it was found that the substitution of a fluorine atom on the 
pyridine ring results in significant π boding interactions within the ring. Hence, the effect 
of chlorine and bromine atoms substitutions on the pyridine ring is of great interest. The 
†infrared and Raman spectra with partial assignments for the chloro- and bromopyridine 
molecules in their electronic ground states had been reported by Green and coworkers,96 
but no structural information was reported. In the present paper the infrared and Raman 
                                                 
* Reprinted with permission from “Vibrational Spectra, Structure, and Theoretical Calculations of 2-
Chloro- and 3-Chloropyridine and 2-Bromo- and 3-Bromopyridine” by Boopalachandran, P.; Sheu, H. and 
Laane, J.   J. Mol. Sruc. 2012, 1023, 61. Copyright [2012] by Elsevier. 
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spectra were recorded and the vibrational frequencies of 2-chloropyridine (2ClPy), 3-
chloropyridine (3ClPy), 2-bromopyridine (2BrPy), and 3-bromopyridine (3BrPy) 
molecules were assigned. Density functional theory (DFT) was used to calculate the 
vibrational frequencies of the twenty-seven fundamental vibrations for each of the 
molecules molecule, and ab initio computations provided the molecular structures. 
 
Results and Discussion 
        The bond distances and angles of 2ClPy, 3ClPy, 2BrPy, and 3BrPy are shown in 
Figure 17 and they are compared to the structures of pyridine (py), 2FPy, and 3FPy. The 
ring bond distances and C-X bond distances are compared in table 9.  The substitution of 
a halogen atom on pyridine ring has only minor effect on the ring bond distances and 
angles.  The notable exceptions are when the electronegative halogen atom is substituted 
on the carbon 2 position.  The N-C bond distance for pyridine is 1.340 Å but drops to 
1.313 Å for 2FPy and 1.325 Å for both 2ClPy and 2BrPy.   The remaining bond 
distances are changed by less than 0.004 Å for each of these molecules.   
The liquid-phase and calculated infrared and Raman spectra of 2ClPy are shown in 
Figures 18 and 19. The spectra for 3ClPy are shown in Figures 20 and 21. The observed 
and calculated spectra of 2BrPy and 3BrPy are shown in Figures 22 to 25. The observed 
and calculated vibrational frequencies for all four molecules are summarized in Tables 
10 to 13. Partial assignments for these molecules previously made by Green and 
coworkers95 are also listed in the same tables. The frequencies are well predicted by 
B3LYP level of theory calculation.19, 74-78, 97 The average difference between calculated 
 63 
 
Table 9  Ring bond distances (Å) and carbon-halogen bond distances (Å) of 
halopyridines and pyridine98 
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Table 10  Observed and calculated vibrational frequencies (cm-1) and intensities for 2-
chloropyridine98 
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Table 11  Observed and calculated vibrational frequencies (cm-1) and intensities for  
3-chloropyridine98 
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Table 12  Observed and calculated vibrational frequencies (cm-1) and intensities for 2-
bromopyridine98 
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Table 13  Observed and calculated vibrational frequencies (cm-1) and intensities for  
3-bromopyridine98 
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Table 14  Vibrational frequencies (cm-1) of the ring modes and C-X stretching vibrations 
of the halopyridines compared to pyridine98  
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Figure 17  Calculated structures of pyridine (py), 2-fluoropyridine (2FPy), 3-
fluoropyridine (3FPy), 2-chloropyridine (2ClPy), 3-chloropyridine (3ClPy), 2-
bromopyridine (2BrPy), and 3-bromopyridine (3BrPy)  using MP2/cc-pVTZ level of 
theory98 
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Figure 18  Liquid-phase and calculated infrared spectra of 2-chloropyridine98 
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Figure 19  Liquid-phase and calculated Raman spectra of 2-chloropyridine98 
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Figure 20  Liquid-phase and calculated infrared spectra of 3-chloropyridine98 
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Figure 21  Liquid-phase and calculated Raman spectra of 3-chloropyridine98 
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Figure 22  Liquid-phase and calculated infrared spectra of 2-bromopyridine98 
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Figure 23  Liquid-phase and calculated Raman spectra of 2-bromopyridine98 
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Figure 24  Liquid-phase and calculated infrared spectra of 3-bromopyridine98 
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Figure 25  Liquid-phase and calculated Raman spectra of 3-bromopyridine98 
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and experimental wavenumbers was less than 8 cm-1. The vibrational frequencies of the 
ring modes for all four molecules are compared in Table 14.  The ring stretching 
frequencies of the pyridine ring are very little affected by the halogen substitution.  This 
is consistent with the calculated bond distances, which vary little from molecule to 
molecule and reflect the fact that the individual bond strengths are nearly the same in all 
four molecules. However, the C-X stretching frequencies drop from C-F, to C-Cl, to C-
Br as shown in Table 14. This can be attributed to both the mass effects and the 
weakening of the bond. Also, the ring bending modes are more affected by the 
substitution.  This is especially true for the lower frequency vibrations which interact 
more with the C-X wagging motions.   
 
Conclusions 
        The calculated structures for the chloro and bromo pyridines are consistent with 
previously studied fluoropyridines. All vibrational frequencies in the electronic ground 
state are clearly assigned by the observed infrared and Raman spectra along with density 
functional theory (DFT) and ab initio calculations. The data for the electronic ground 
states can be prepared for the analysis of electronic excited states. 
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CHAPTER  VII 
THE TRANS EFFECT IN HALOBISMUTHATES AND 
HALOANTIMONATES. MOLECULAR STRUCTURES AND 
VIBRATIONS FROM THEORETICAL CALCULATIONS* 
 
Introduction 
        A variety of interesting structures which contain both external and bridging M-X 
bonds (X = I, Br, Cl) are included in the halobismuthate and haloantimonate anions.  The 
structures of MX6
-3, M2X9
-3, M2X10
-4, (MX5
-2)n, and (MX4
-1)n anions are shown in Figure 
26. The latter two have infinite chain structures. The far-infrared and low-frequency 
Raman spectra of several bromo- and iodo-bismuthates of formula BiX6
-3, Bi2X9
-3, BiX4
- 
and BiX5
-2 were reported in Laane’s research laboratory in 1980.47  Except for the BiX6-3 
species, both bridging and non-bridging (external) Bi-X bonds are possessed by each of 
these ions. The Bi-X stretching frequencies for the bridging bonds are the lowest 
†reflecting the weakest bonds were observed. The trend that the external Bi-X stretching 
frequencies for bonds across from Bi-X bridging bonds were higher than those across 
from other external Bi-X bonds were also noticed.  The phenomenon that the weaker 
bridging bonds across from external Bi-X bonds allows the latter to become stronger was 
                                                 
* Reprinted with permission from “Trans Effect in Halobismuthates and Haloantimonates Revisited. 
Molecular Structures and Vibrations from Theoretical Calculations” by Sheu, H. and Laane, J. Inorg. 
chem. 2013, 52(8), 4244. Copyright [2013] by American Chemical Society. 
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attributed to the trans effect.  The spectroscopic data was consistent with the crystal 
structures reported for the iodo and bromo anions99-119 in that the shortest Bi-X bonds 
were found when the halogen atom was across from a bridging bond, and the longest 
bonds were found for the bridging bonds. 
        The low-frequency infrared and Raman data for several bromo- and iodo- 
antimonates were also reported in our laboratory in 1980.48 SbX6
-3, Sb2X9
-3, SbX5
-2, and 
SbX4
-1 anions associated with several different cations such as n-propyl-ammonium and 
4-picolinium were included. The bridging bonds were the weakest, and the strongest 
external bonds were those trans to the bridging bonds as observed for the 
halobismuthates. The reported crystal structures22,120-128 again showed the same trend as 
was observed for the halobismuthates. 
 Since the publication of research results in the Laane’s group described above, a 
number of crystal structure determinations of chlorobismuthates23-40 and 
chloroantimonates22,41-46 have also been published. In addition, new spectroscopic data 
has also been reported for the chloro-, bromo-, and iodo-bismuthates129-136 and 
antimonates.137-140 
 In the present study the calculation of the structures of these anions along with 
their vibrational frequencies using ab initio (MP2/cc-pVTZ-PP) and DFT (B3LYP/ cc-
pVTZ-PP) computations are done. The goal was to confirm and support our previous 
analysis of the vibrational spectra, which had led us to postulate the trans effect.  We 
also wanted to provide an additional perspective to better understand the structural 
features of these interesting anions, which possess several types of M-X bonds.   
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Figure 26  Structures of MX6
-3, M2X9
-3, M2X10
-4, (MX5
-2)n, and (MX4
-1)n for M = Bi or Sb and X = I, Br, or Cl.  The smaller 
open circles represent external halogen atoms and the smaller black circles represent bridging atoms. The (MX5
-2)n and (MX4
-
1)n are infinite chains
141  
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Moreover, since the effect of neighboring cations is neglected by the computations, the 
best representation of the non-interacting anions is provided. 
 
Results and Discussion 
        The calculated bond distances for the BiX6
-3, Bi2X9
-3, Bi2X10
-4, (BiX5
-2)n, and  
(BiX4
-1)n  anions for X = I, Br, and Cl are shown in Table 15.   The experimental bond 
distances from a number of crystal structure determinations for different cations are also 
shown in the same table.  For BiX6
-3 anions, the experimental bond distances are 
somewhat dependent on which cation is present but typically agree within ±0.03 Å for 
each anion.  The computed value is that for a free anion without the presence of the 
cation.  Nonetheless, the agreement between calculated and experimental values is good 
with the former values typically about 0.03 to 0.06 Å larger.   
        For Bi2X9
-3 anions, two types of Bi-X bonds are present, namely external bonds 
across from bridging bonds and bridging bonds across from external bonds.  The 
bridging bonds are calculated to be from 0.15 to 0.22 Å longer than the external bonds.  
The actual bond distances for the bridging bonds are longer by 0.18 to 0.37 Å 
determined by the crystal structures. However, the calculations are in quite good 
agreement when the neglected effect of the cation is considered. 
        For the Bi2X10
-2 and BiX5
-1 anions, each ion has two types of external halogen 
atoms: those across from other external atoms and those across from bridging atoms.  
Each halobismuthate anion also has bridging atoms across from external atoms. The 
previously postulated trans effect47 are supported by both calculations and experimental  
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Table 15  Observed and calculated bond distances (Å) of BiX6
3-, Bi2X9
3-, Bi2X10
4-, 
BiX5
2- and BiX4
- complexes141 
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Table 15  (Continued)141 
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Table 15  (Continued)141 
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data. The strongest and shortest bonds are those across from bridging atoms.  External 
bonds across from other external atoms are somewhat longer while the bridging bonds 
are the longest.  This supports the view that external atoms “fight harder” for electron 
density than bridging atoms so that the bonds across from them cannot be as strong as 
those across from bridging atoms.  For the Bi2Cl10
-4 anions the experimental and 
calculated distances agree very well for all three types of bonds.  For the iodide and 
bromide ions the calculated external bond distances across from other external atoms 
agree very well with those from crystal structure determinations, but the external bonds 
across from bridging atoms are calculated to be slightly higher than observed while the 
bridging bond distances are calculated to be a little lower than observed. The 
experimentally determined Bi-X bond distances for the BiX4
-1 complexes and compares 
these to the same types of bonds as in our Bi2X10
-4 model are also displayed in table 15.  
All of the external Bi-X bonds are trans to bridging halogens and are therefore among 
the shortest bonds. 
        The data for the SbX6
-3, Sb2X9
-3, Sb2X10
-4, (SbX5
-2)n, and (SbX4
-1)n anions are 
presented in Table 16 and a close agreement between the calculated and experimental 
bond distances is revealed.  As expected for the SbX6
-3 anions, the Sb-X distances are 
less than those for the corresponding bismuth halides given that antimony is higher in 
the periodic table than bismuth. The Sb2X9
-3 anions are also similar to the bismuth 
anions.  The bridging bonds are longer than the external bonds, and the calculated values 
are higher than experimental (by 0.07 to 0.10 Å) for the external bonds but lower (by  
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Table 16  Observed and calculated bond distances (Å) of SbX6
3-, Sb2X9
3-, Sb2X10
4-,  
SbX5
2-, and SbX4
- complexes141 
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Table 16  (Continued)141 
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about 0.10 Å) for the bridging bonds.  The difference between computed and 
experimental bond distances can be attributed to the effect of the cations. 
        The calculations for the Sb2X10
-2 anions are also shown in Table 16 and they are 
compared to Sb2Cl10
-4 and to SbX5
-1 experimental data for X = I, Br, and Cl.  No crystal 
structures have been reported for the Sb2X10
-2 species for X = I or Br. The concept of the 
trans effect is supported by the available data and the calculations again, as the external 
bonds across from bridging bonds are shorter than those across from other external 
halogen atoms. The experimentally determined Sb-X bond distances for the SbX4
-1 
complexes are also shown in the Table 16 and they are compared to the same types of 
bonds in our Sb2X10
-4 model. 
        The bond distance data for the bismuthates and antimonates are summarized in 
Table 17 and the magnitude of the trans effect are clearly displayed.  In all cases the 
shortest bonds are for the external M-X bonds across from the bridging halogen atoms.  
For the bismuthates the external Bi-X bonds across from other external bonds are 
calculated to be 0.085 to 0.110 Å longer than those across from bridging bonds.  From 
crystal structure determinations, these are 0.082 to 0.131 Å longer.  The difference arises 
from the fact that the calculations correspond to values for the free ions not interacting 
with the neighboring cations.  The external Sb-X bonds across from other external atoms 
are calculated to be longer by 0.095 Å for Sb-I bonds, by 0.104 Å for Sb-Br bonds, and 
0.156 Å for Sb-Cl bonds than those across from bridging bonds.  From the crystal 
structure determinations the same Sb-Br bonds are 0.179 Å longer and the Sb-Cl bonds 
are 0.265 Å longer. 
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Table 17  Average M-X bond distances (Å) for different types of bonds141 
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        In addition to the calculations of bond distances for the bismuth and antimony ions, 
their vibrational frequencies using DFT computations are also calculated and the 
summary of the vibrational results are presented in Table 18.  The crystalline materials 
have well-defined bond-stretching frequencies,47-48 but the low-frequency bending 
modes and lattice modes are difficult to distinguish from each other. Hence, since the 
computations do not take into account any intermolecular or interionic interactions, only 
the calculated frequencies for the stretching modes are compared to the experimental 
ones, since these are least affected by the interactions.   
        In the Laane group’s previous work,47-48 the experimental far-infrared and low-
frequency Raman spectra of these anions were analyzed in detail and the spectra were 
assigned on the basis of octahedral symmetry for the MX6
-3 species, C2v for MX5
-2, C2v 
for MX4
-, and D3h for M2X9
-3.  Each of these has several M-X stretching modes which 
extend over a range of frequencies. These can be classified as υEE, where the external M-
X bond stretches across from another external bond, as υEB, where the external bond 
stretches across from a bridging bond, or as υB, for the stretching of a bridging bond. The 
lower frequency bending modes and the lattice modes of the crystalline structures are 
extensively interacted and therefore the computation of these frequencies is not 
particularly meaningful. The stretching modes are partially coupled with the bending 
modes as shown in Tables 19 to 37.  Our calculations for the molecular vibrations were 
carried out for independent “gas-phase” species, which have no interactions with the 
cations or the lattice modes of the solid. Hence, the comparison of calculated M-X 
stretching frequencies to those experimentally observed is focused.  The details of the
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Table 18  Observed and calculated vibrational frequencies for M-X stretching modes141 
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vibrational calculations are presented in Tables 19 to 37 and the results are compared to 
previous experimental data.  Many of the previous spectroscopic results come from our 
previous work, but infrared and Raman data from other laboratories are also included.   
The quality of some of the latter is variable. The experimental and calculated vibrational 
frequency and intensity data for MX6
-3 anions for M = Bi and for X = I, Br, and Cl are 
presented in Tables 19 to 21 while M = Sb are displayed in Tables 22 to 24.  The results 
for Bi2X9
-3 anions are reported in Tables 25 to 27 and Sb2X9
-3 anions are shown in 
Tables 28 to 30.  Finally, the data for the M2X10
-4 and MX5
-2 species for M = Bi and Sb 
are presented in tables 31 to 37. The results are summarized in Table 18 where the range 
of calculated and observed frequencies for the υEE, υEB, and υB M-X stretching modes are 
given for M = Bi and Sb and where X = I, Br, and I.  Each anion has several vibrations 
of one type which span a broad frequency range and have different symmetry species. 
Thus the frequency ranges can be seen to be large. However, it is clear from both the 
calculated and observed data that each bismuthate and each antimonite anion has υEB > 
υEE > υB as expected from the trans effect.  To assist in further recognizing this trend in 
Table 18, specific calculated and observed frequencies for the symmetric υEB, υEE, and 
υB vibrations of the M2X10-4 anions are also presented. 
        Some observations are made about the specific data in Tables 19 to 37. It should 
again be emphasized that the computations are for independent free-standing anions and 
the experimental vibration spectra are those from species where the cation has a 
significant effect.  For example, The A1g, Eg, and T1u Bi-I stretching frequencies for  
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Table 19  Stretching frequencies (cm-1) of BiI6
3- complexes141 
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Table 20  Stretching frequencies (cm-1) of BiBr6
3- complexes141 
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Table 21  Stretching frequencies (cm-1) of BiCl6
3- complexes141 
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Table 22  Stretching frequencies (cm-1) of SbI6
3- complexes141 
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Table 23  Stretching frequencies (cm-1) of SbBr6
3- complexes141 
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Table 24  Stretching frequencies (cm-1) of SbCl6
3- complexes141 
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Table 25  Stretching frequencies (cm-1) of Bi2I9
3- complexes141 
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Table 26  Stretching frequencies (cm-1) of Bi2Br9
3- complexes141 
 
  
 102 
 
Table 27  Stretching frequencies (cm-1) of Bi2Cl9
3- complexes141 
 
  
 103 
 
Table 28  Stretching frequencies (cm-1) of Sb2I9
3- complexes141 
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Table 29  Stretching frequencies (cm-1) of Sb2Br9
3- complexes141 
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Table 30  Stretching frequencies (cm-1) of Sb2Cl9
3- complexes141 
 
  
 106 
 
Table 31  Calculated stretching frequencies (cm-1) of Bi2I10
4- complexes141 
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Table 32  Stretching frequencies (cm-1) of Bi2Br10
4- complexes141 
 
  
 108 
 
Table 33  Stretching frequencies (cm-1) of BiBr5
2-  complexes141 
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Table 34  Stretching frequencies (cm-1) of BiCl5
2- complexes141 
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Table 35  Stretching frequencies (cm-1) of SbI5
2- complexes141 
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Table 36  Stretching frequencies (cm-1) of SbBr5
2- complexes141 
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Table 37  Stretching frequencies (cm-1) of Sb2Cl10
4- complexes141 
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BiI6
-3 are 119, 105, and 110 cm-1, respectively, when the cation is n-C3H7NH3
+
 but 
increase to 139, 128, and 135 cm-1 when the cation is Cr(en)3
+3.  The computed values 
are 104, 85, 106 cm-1, respectively, and agree much better with the n-C3H7NH3
+
 system.   
As is evident in Table 19-37, the calculated frequencies for the “gas-phase” anions tend 
to be about 10% lower than the experimental values.  However, the effect of replacing 
one cation by another can affect the frequencies considerable more than that. 
        The calculated potential energy distributions (PEDS) for each M-X stretching 
vibration for each anion are also presented in Tables 19 to 37.  These confirm that the 
highest frequencies are mostly υEB with smaller contributions from the υEE and υB  
stretchings.  All of the bending modes together typically contribute less than 30%.   The 
next highest group of frequencies is that for the υEE modes.  These again have smaller 
contributions from the other two types of stretchings and the bending modes.   The υB 
stretching modes are the most coupled to the bending modes as they are the lowest in 
frequency and not much separated from the bendings.    
        In addition to the primary observations described above, a few unusual features are 
found from the vibrational calculations and these can be seen by a more detailed 
inspection of Tables 19 to 37.   For example, for Sb2Cl10
-4 there is a very strong coupling 
between the Ag υEB stretching and an Ag bending motion giving rise to vibrational 
frequencies of 258 and 211 cm-1. This makes it seem at first glance that there is an extra 
stretching vibration. Other couplings in the other metallates can also be noticed. 
        The most important feature to reiterate about the vibrational calculations and 
observed spectra is that the trans-effect is well supported by the data in Tables 18 to 37.  
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The M-X stretching frequencies for external M-X bonds across from bridging bonds 
tend to be about 20% higher than those across from other external bonds.  This is true for 
the halobismuthates and haloantimonates.  
 
Conclusions 
        The trans-effect postulated in the Laane group’s original work47-48 was based on the 
fact that higher vibrational frequencies were observed for the M-X stretching modes for 
bonds across from bridging atoms. The concept was supported by the limited amount of 
crystal structure data at that time. Over the past thirty years much more crystallographic 
data has now become available, the trans effect is still clearly supported by all of the 
experimental structural and vibrational studies of the halobismuthates and 
haloantimonates. Examination of the experimental data clearly shows that the choice of 
cation can have a significant effect on which structure results, on what the bond 
distances are, and what the vibrational frequencies are. 
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CHAPTER  VIII 
INFRARED AND RAMAN VIBRATIONALSPECTRA, 
THEORETICAL CALCULATIONS, CONFORMATIONS, AND 
TWO-DIMENSIONAL POTENTIAL ENERGY SURFACE OF 
2-CYCLOPENTEN-1-ONE ETHYLENE KETAL 
 
Introduction 
        The vibrational spectra, conformations, and potential energy surfaces (PES) have 
been investigated by Laane’s research group for several decades.142-144 Most recently the 
two-dimensional PES calculation for the two ring-puckering vibrations of 4-silaspiro-
3,3-heptane (SSH)145 was reported in Laane’s laboratory. For this molecule the two four-
membered rings are identical and each is puckered in its lowest energy conformation. 
Therefore, the PES for SSH has four equivalent energy minima and gives rise to a most 
interesting pattern of four-fold degenerate quantum states. In the present study the results 
for 2-cyclopenten-1-one ethylene ketal (CEK) is reported.  The experimental infrared 
and Raman spectra are presented and are compared to the computed spectra using DFT 
calculations.  The calculated structures and conformational energies for its two low 
energy conformations is also reported. Later on, the calculated two-dimensional PES in 
terms of its puckering and twisting coordinates along with the quantum energy states and 
wavefunctions that result from this PES will be presented. Unlike the case for SSH 
where all four energy minima have the same energy, CEK has two pairs of energy 
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minimum at different energies. Therefore, its pattern of resulting quantum states is most 
instructive to analyze. 
 
Results and Discussion  
        The calculated structures for the two low energy conformations of CEK is shown in 
Figure 27.  For structure L (at lower energy) the ring-puckering angle for the olefinic 
ring (ring A) was calculated to be 22.1° and the twisting angle for the dioxo ring (ring B) 
was calculated to be 24.1°.  Structure H (at higher energy) was calculated to be 154 cm-1 
higher in energy with a puckering angle of 20.1° and a twisting angle of 26.2°.  The 
direction of the twisting relative to the puckering of the second ring is different for the 
two conformations.  The calculated bond distances and angles are also shown in Figure 
27 and these can be seen to be very similar for both structures.  
        The calculated and experimental infrared spectra for liquid CEK are shown in 
Figure 28, and the Raman spectrum of the liquid is compared to the calculated spectrum 
in Figure 29.  The calculated spectra are shown for both structure L and structure H.  The 
experimental spectra result from the mixed sample, which, based on the calculated 
conformational energy difference between the two structures, is expected to be about 
68% L and 32% H at 25° C. The observed vibrational frequencies and intensities to 
those calculated are compared in Table 38.  For frequencies above 250 cm-1 the 
agreement between the observed and calculated values can be seen to be very good, and 
the calculated spectra for structures L and H can be seen to be very similar. 
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Table 38  Observed and Calculated vibrational spectra (cm-1) of CEK 
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Table 38  (Continued) 
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Figure 27  Calculated structures for the two conformations of CEK. Structure L on the left is for the lower energy 
conformation and structure H is for the conformation which is calculated to be 154 cm-1 higher in energy 
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Figure 28  Observed liquid and calculated infrared spectra of CEK 
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Figure 29  Observed liquid and calculated Raman spectra of CEK 
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        The CEK molecule has four vibrational frequencies below 300 cm-1.  These are the 
out-of-plane ring-bending (ring-puckering) and the twisting about the C=C bond of ring 
A and the ring-bending and twisting of ring B with the two oxygen atoms.  The two 
conformational minima of the molecule are achieved by optimizing the extent of ring-
bending in ring A and the degree of twisting in B.  The other two low-frequency 
vibrations do not play a significant role in establishing the conformations of the 
molecule.  Hence, the main work is on the calculation of the conformational energies of 
the molecule as a function of the bending of A (x) and the twisting of B (τ).  In the 
following section the results for the calculation of the two-dimensional potential energy 
surface (PES) in terms of x and τ for CEK will be discussed. 
        For CEK the out-of-plane ring-bending motion x in ring A (the one with the double 
bond) is defined as the distance that carbon atom 4 is out of the plane of the other four 
carbon atoms.  This definition is chosen due to the complexity of this molecule.  In 
previous work,142-144 the ring-puckering coordinate as half the distance between the two 
ring diagonals was defined, but the choice of that coordinate here would be very 
cumbersome. Nonetheless, the coordinate here can be related to this traditional 
puckering coordinate by the geometrical relationships presented elsewhere.146-148  The 
twisting coordinate τ for ring B (the one with two oxygen atoms) is defined as the angle 
between the O-C-O plane and the C-C bond.  This is the same definition utilized in 
previous work.149-151 
        Utilizing the ab initio calculations, the conformational energy in cm-1 for CEK was 
computed as a function of x (Å) and τ (radians) for the energy minima, for the central 
 123 
 
barrier at x = τ = 0, and for the barriers where either x or τ was fixed at its minimum 
energy value. In addition, several additional conformational energy values were 
calculated for additional values of x and τ.  The data were then used to calculate a 
potential energy surface (PES) which closely fits all these data points.  This PES was 
found to be 
V(x,τ) = 9970.9 x4-2650.6 x2 + 33385.3 τ4 - 12829.0 τ2 - 183.2 x2 τ2 - 2008.2 x τ  
              +277.0 x3τ + 7585.0 xτ3 + 1494                                                                         (1)                                                                                                                                                                                    
This is shown in Figure 30. As can be seen, there are two pairs of energy minima for 
structure L at the two lowest energies and structure H at the two energies 154 cm-1 
higher.  The puckering barrier when the twisting τ is at its minimum value is 264 cm-1, 
and the twisting barrier when the bending x is at its minimum value is 1318 cm-1.  When 
x and τ are both zero, the central barrier is 1494 cm-1.  The ring-puckering and ring-
twisting energy levels for this surface have been calculated and these results will be 
discussed in some detail. 
        In order to calculate the energy levels for the PES in Eq. (1) it is necessary to have 
the reduced mass values corresponding to x and τ.  Because of the complexity of the 
molecule, these were not calculated rigorously, but were calculated so that the 
fundamental bending and twisting frequencies would match those obtained from the 
DFT calculation.  This procedure was found to work well in previous studies.145, 152-156 
        The lowest quantum states correspond to either structure L at the lowest energy or 
to structure H at the higher energy.  They can be labeled according to (vB,vT) indicating 
how many quanta of bending or twisting are excited. They are also labeled sequentially 
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Figure 30  Vibrational potential energy surface for CEK in terms of its ring-bending x 
and ring-twisting τ coordinates. The conformational energies are shown for the minima 
and for barriers to interconversion 
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 beginning with 0 for the lowest energy state (0,0).  The quantum states calculated for 
the PES of Eq. (1) and Figure 30 are shown in Figure 31.  The lowest quantum states are 
almost totally localized in either the lower potential energy well for structure L or in the 
higher well for structure H.  Consequently, the L levels on the left side of the figure 
separated from those in the higher well on the right side of the figure are shown.  Levels 
for vB  ≥ 8 are shown in the center since these have nearly equal probabilities for either L 
or H.  To understand the origin of these quantum states it is helpful simultaneously to 
also examine Figure 32, which shows the potential energy curve and energy levels for 
the ring-bending coordinate when the ring-twisting coordinate τ is at its minimum 
energy value.  Similarly, the potential energy curve along the ring-twisting coordinate 
when the bending x is at its minimum energy value is shown in Figure 33.  For the one-
dimensional functions in these figures the energy levels have been adjusted so they do 
not include the zero-point energy of the other vibration.  Thus for Figure 32 only the 
bending zero-point energy of 38 cm-1 is included while the zero-point energy for the 
twisting in Figure 33 is 103 cm-1.  The levels (0,0), (1,0), (2,0) and (4, 0) are almost 
totally isolated in well L while (3,0) and (5,0) are isolated in the higher well H as shown 
in Figure 32.  Levels (vB,0) for vB = 6 to 8 tend to favor one well or the other but begin to 
show significant probability in the second well also.  By vB  ≥ 8 the wavefunctions show 
substantial probability for both wells. All of the wavefunctions through level 34 (2x35 = 
70 functions) are shown in Figure 34 and these support the description given above. The 
calculated energy values for all of these levels are shown in Table 39. In the figure the 
levels are identified by their sequence number and the symmetric and antisymmetric  
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Table 39  Calculated energy levels for the PES of CEK 
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Figure 31  Quantum states (vB,vT) for the ring-bending(B) and ring-twisting (T) vibrations of CEK 
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Figure 32  Ring-bending potential energy function in terms of x and energy levels 
calculated for τ at its minimum energy value 
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Figure 33  Ring-twisting potential energy function in terms of τ and energy levels 
calculated for x at its minimum energy value 
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Figure 34  Calculated wavefunctions for CEK 
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components are labeled as A and B, respectively.   The energy level values are given 
relative to the lowest state at 0.0 cm-1 with the zero point energy excluded. Both the A 
and B components are shown for levels 0 to 4, but for higher levels only the A 
component is shown.    
        In Figure 34 levels 0, 1, 2, and 4 can be seen to correspond to conformation L.  
Levels 1 and 2 are excited states of the bending as confirmed by the fact that the 
functions change sign along the x direction.  Similarly, level 4 changes sign along τ and 
thus corresponds to the excited state of the twisting as level (0,1),  Level 3 is the lowest 
energy state for conformation H and this is clearly shown in the figure.  Levels 5 and 6 
are mostly constrained to conformations L and H, respectively, but both begin to show 
probabilities for the other potential energy well.  Level 9 and 12 are the (1,1) and (2,1) 
states with both the bending and twisting motions being excited, and this is evident as 
their wavefunctions show directionality along both x and τ.  Level 10 (or 8,0) lies above 
the puckering barrier to interconversion and shows almost equal probability for 
structures L and H.  In other words, the molecule is essentially puckering freely between 
L and H while passing through the planar structure of ring A.   Level 13 corresponds to 
H and has directionality along τ indicating that it is the first excited twisting state for this 
structure.   The wavefunctions for several other states are also shown and these confirm 
the assignments we have given in Figure 31. 
        Each of the twisting excited states with vT ≥ 1 the sequence of puckering levels is 
fairly similar as shown in Figure 31 although the energy separations differ more between 
the lower and higher wells.  For example, in the higher well the lowest puckering 
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transition is about 59 cm-1 vs. 76 cm-1 for the lower well. Because of the high twisting 
barrier, the lowest eight twisting quantum states are highly localized in one well or the 
other as shown in Figure 33.  Since the ground state of the higher well is labeled as (3,0), 
each of the twisting levels in Figure 34 is labeled as (3,vT) indicating no additional 
excitation of the ring-bending. 
 
Conclusions 
        The two-dimensional potential energy surface of CEK in terms of the two low-
frequency, large-amplitude vibrations have been calculated which govern the 
conformational energies of this molecule.  The PES has two pairs of energy minima 
which are at two different energies and this creates a most interesting case for the study 
of its quantum state patterns. The characteristics of these energy levels are elucidated in 
Figure 31 to 33 and the rather fascinating wavefunctions are displayed in Figure 34. 
Although the PES for CEK was generated from ab initio computations and is only 
approximate, the energy level patterns and wavefunctions calculated should provide a 
fairly accurate description for this molecule.   
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CHAPTER  IX 
CONCLUSIONS 
 
         Spectroscopic studies using infrared and Raman spectroscopy for the electronic 
ground states and ultraviolet absorption spectroscopy for electronic excited state were 
carried out. The spectroscopic data were analyzed and vibrational assignments were 
made for both ground and excited states. Computational methods including ab initio and 
DFT calculations were utilized to predict structures and to guide vibrational 
assignments.  
          For the 2,6-difluoropyridine (26DFPy) molecule, the band of origin is at 37,820.2 
cm-1 and corresponds to a transition to the S1(π,π*) state. The molecule is rigidly planar 
in its ground state while the S2(n,π*) state is predicted to be puckered with a barrier to 
planarity of 256 cm-1. Although the structure is predicted to be planar in the S1(π,π*) 
state, it becomes much more floppy as the out-of-plane ring bending frequency drops 
from 460 cm-1 to 127 cm-1. The bond distances also increase in the excited states 
compared to ground state due to the decreased π bonding character. The most notable 
change in excited state frequencies result from the strong coupling between ring-
puckering and C-F out-of-plane wagging motions. This makes the examination of 
puckering frequencies much more complicated.  
        2,3,5,6-Tetrafluoropyridine (TFPy) has a planar structure in its S0 ground state and 
a puckered structure with a barrier to planarity of  30 cm-1 in the S1(,*) excited state. 
The band of origin is at 35,704.4 cm-1 which corresponds to a transition to the S1(π,π*) 
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state. As was the case for 2,6-difluoropyridine, a strong coupling between out-of-plane 
ring bending and out-of-plane C-F wag was also observed. 
        When the structures of 2-fluoropyridine (2FPy), 3-fluoropyridine (3FPy), 26DFPy 
and TFPy were compared with that of the pyridine molecule, a decrease in N-C(F) bond 
distances caused by the substitution of fluorine atom on the carbon atom was observed. 
In addition, a decrease of the C-F stretching frequencies in the excited state was 
observed and this can be explained by the bonding participation of the fluorine p orbitals 
with the ring π system. The ring stretching and bending vibrations for pyridine, 2FPy, 
3FPy, 25DFPy and TFPy all drop in frequency in the excited state due to the decreased π 
bonding character which indicates a more floppy ring structure.  
        2-Chloro-, 3-chloro-, 2-bromo-, and 3-bromopyridine structures were calculated 
using density functional theory (DFT) and ab initio methods. Infrared and Raman 
spectra were obtained for their electronic ground states and vibrational frequencies were 
assigned with the aid of theoretical calculations. Good agreement between calculated 
and experimental values was observed.  
        The structures and bond-stretching vibrational frequencies for the halobismuthates 
and haloantimonates including MX6
-3, M2X9
-3, M2X10
-4, (MX5
-2)n, and (MX4
-1)n  anions 
(M= Bi or Sb, X= I, Br or Cl) were calculated. Although the computed values are for 
free anions without the presence of cations, the agreement between calculated and 
observed values is good. The results confirm that the strongest and shortest bonds are 
those across from bridging atoms. Bridging bonds are the weakest and longest while the 
external bonds across from other external atoms are intermediate. This supports the view 
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that external atoms fight harder for electron density than bridging atoms so that the 
bonds across from them cannot be as strong as those across from bridging atoms. 
Therefore, the previously postulated trans effect based on far infrared and Raman 
spectra are verified by theoretical calculations.   
        The observed and calculated vibrational spectra for the lower and upper well 
conformations of 2-cyclopenten-1-one ethylene ketal molecule were found to be in good 
agreement. A two dimensional potential energy surface was calculated for the out-of-
plane vibrations, and two pairs of energy minima were found for structure L at the two 
lowest energies and structure H at energies 154 cm-1 higher.  The puckering barrier when 
the twisting τ is at its minimum value is 264 cm-1, and the twisting barrier when the 
bending x is at its minimum value is 1318 cm-1.  When x and τ are both zero, the central 
barrier is 1494 cm-1. The calculated energy levels for the PES were shown to be in either 
the lower potential energy well for structure L or in the higher well for structure H. At 
the 9th level and above nearly equal probabilities were found for wells L or H. 
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